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While there is considerable evidence that an excitatory amino acid and excitatory amino acid receptors are involved in the synapse between 
inner hair cells and the auditory nerve, evidence for the specific involvement of the N-methyl-D-aspartate (NMDA) receptor is more ambiguous. 
With the cloning of the NMDA receptor, probes are now available that can determine in which neurons the receptor is being expressed. In situ 
hybridization histochemical techniques were therefore utilized to examine the expression of NMDA receptor messenger ribonucleic acid 
(mRNA) in the rat cochlea. Expression of NMDA receptor mRNA was seen in spiral gangiion cells. These results suggest that NMDA receptor 
is a component of excitatory amino acid synapses in the cochlea. 
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Introduction 
There is now considerable evidence suggesting that 
glutamate or a related excitatory amino acid (EAA) is 
the transmitter in cochlear hair cells (e.g., ~tschuler et 
al., 1989; Bledsoe et al., 1988; Drescher et al., 1983; 
Eybalin and Pujol, 1983; Felix and Ehrenberger, 1985; 
Fex et al., 1985; Godfrey et al., 1976; Gulley et al., 
1979; Schwartz and Ryan, 1986) and that it acts on 
excitatory amino acid receptors (Bledsoe et al., 1988 
for review). While the evidence is strong that the 
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA) receptor is involved in the inner hair cell- 
auditory nerve synapse (Altschuler et al., 1991; Doi et 
al., 1992; Jenison and Bobbin, 1985; Jenison et al., 
1986; Ryan et al., 1991a), there is pharmacological 
evidence both for (Ehrenberger and Felix, 1991; Puel 
et al., 1991) and against (Bledsoe et al., 1988; Bobbin 
et al., 1981; Bobbin and Ceasar, 1987; Fex and Martin, 
1980; Jenison et al., 1986) involvement of N-methyl-D- 
aspartate (NMDA) receptors at this synapse. NMDA 
receptors are believed to be involved in many central 
nervous system (CNS) EAA synapses (ColIingridge et 
al., 1988; ~olIingridge and Singer, 1990, Cotman and 
Iversen, 1987; Monaghan et al., 1989; Watkins et al., 
1990). The NMDA receptor is not straight-forward to 
examine pharmacologically, since it is not always ac- 
tive. Magnesium (Mg) ions block the action of the 
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NMDA receptor by filling the integral ion channel, 
unless removed as a result of post-synaptic changes, 
such as specific levels of depolarization. In the CNS, 
high frequency stimulation is often necessary to pro- 
duce the level of post-s~apti~ depolarization to re- 
move the Mg ion and ‘activate’ the NMDA receptor 
(Collingridge et al., 1988). Studies of inner hair cell 
synapses that have shown involvement of the NMDA 
receptor required repetitive neuronal depolarization 
for it to become active (Ehrenberger and Felix, 1991; 
Puel et al., 1991). In situ hybridization is a method 
which can determine if the mRNA producing specific 
proteins such as transmitters or receptors is present in 
a cell, providing a specific and sensitive method for 
examining if a neuron produces a specific protein. 
Recently, two sequences for the NMDA receptor have 
been reported in rat (Kumar et al., 1991; Moriyoshi et 
al., 19911, and each of them has different properties. 
The sequence from Moriyoshi et al. (1990, now termed 
NMDAR-1, encodes a protein with the electrophysio- 
logical and pharmacological properties of the NMDA 
receptor (Moriyoshi et al., 1991). The Kumar et al. 
(1991) sequence, which we will term NMDAR-K, is a 
non-homologous protein and may be a subunit of the 
NMDA receptor complex (Kumar et al., 19911, but is 
inactive by itself. Oligonucleotide probes against se- 
quences from both NMDAR-1 and NMDAR-K were 
used to study expression of possible NMDA receptors 
in the rat cochlea using in situ hybridization histochem- 
ical techniques. 
For the in situ hybridization of rat cochlea, no loss 
of mRNA was detected following the use of decalcifi- 
cation solutions at 4°C when parafo~aldehyde was 
added to the EDTA solutions (Ryan et al., 1991b) 
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Fig. 1. Dark-field photomicrograph of a cryostat section through the second turn of a rat cochlea reacted with 3sS-labeled probe to NMDAR-I, 
using in situ hybridization histochemical techniques. A high density of silver grains corresponding to expression of NMDAR-I mRNA, is seen 
over spiral ganglion cells. SGC = Spiral ganglion cells; Scale bar = 25 Wm. 
Materials and Methods 
Five male Sprague-Dawley rats weighing 150-200 
gm were heavily anesthetized with 17.5% Chloral hy- 
drate (0.2 ml/100 gm) and sacrificed by decapitation. 
Cochleae were removed from the temporal bone and 
received intrascalar fixation with 4% paraformalde- 
hyde in 0.1 M phosphate buffer (PB). Cochleae were 
then decalcified with 3% EDTA and 4% para- 
formaldehyde in 0.1 M PB at 4°C for 3-5 days and 
then rapidly frozen with liquid nitrogen. Frozen 
cochleae were sectioned (15 pm) at -20°C thaw- 
mounted on glass slides, and stored and frozen at 
- 70°C until hybridization. The in situ hybridization 
histochemical technique was carried out according to 
the methods of Arentzen et al. (1985) and Young et al. 
(1986). The oligonucleotide probes (each 45mer) used 
in this study were synthesized in an Applied Biosys- 
terns model DNA synthesizer and then purified using 
Hitachi high pressure liquid chromatography CODS 
column chromatography). The probes were made of 
the antisense codons of Moriyoshi et al’s sequence 
(2225-2269bp, NMDAR-1) and Kumar et al’s se- 
quence (1107- 1151bp, NMDAR-K). Specificity of the 
probes was tested using a computer assisted homology 
search (Gen Bank R 68.0, June 1991, National Insti- 
tutes of Health) against any sequences contained in the 
gene bank. Both probes had less than 35% homology 
with any other known sequences. 
Probes were endlabeled with (Y-~‘S dATP New Eng- 
land Nuclear (NEN) using a 3’ end labeling kit (NEN). 
Sections were post-fixed in 4% paraformaldehyde in 
0.1 M PB for 1 hour. Fixed tissues were rinsed three 
times for 5 min each in 0.1 M phosphate buffered 
saline (PBS), washed sections were incubated in 0.25% 
acetic anhydride in 0.1 M triethanolamine 0.9% NaCl 
solution. After being dehydrated in graded ethanol and 
delipidized in chloroform, the sections were incubated 
with 100 ~1 of hybridization buffer containing 3sS- 
labeled oligonucleotide 2 X lo’-4 X 10’ cpm/pl), 10% 
dextran sulfate, Denhardt’s solution, 0.1 M dithiothre- 
itol and 50% deionized formamide in a humid atmo- 
sphere overnight at 37°C. The slides were washed in 
2 x Sodium Citrate; Sodium chloride (SSC) for 30 min 
Fig. 2. Photomicrographs of spiral ganglion cells in cryostat sections of rat cochlea reacted with 3’S-labeled probe to NMDAR-1 using in situ 
hybridization histochemistry. 2a Bright-field photomicrograph of section reacted with probe to NMDAR-I showing many silver grains over spiral 
ganglion cells, corresponding to expression of NMDAR-1 mRNA. scale bar = 10 pm. 2b Confocal micrograph with five different focuses digitally 
combined to show many silver grains over spiral ganglion cells using probe to NMDAR-1. scale bar = 10 pm. 2c Bright-field photomicrograph of 
section reacted with s5S-labeled sense probe of NMDAR-1 mRNA as control. No significant labeling is seen over spiral ganglion cells; 
Scale bar = 10 pm. 
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followed by washing in 1 x SSC for 30 min and 0.5 x 
SSC for 45 min at room temperature and for 60 min at 
37°C. For control, the specificity of the hybridization 
signals was checked by prehybridizing sections with 
pancreatic RNase A (200 pg/ml Sigma) in 10 mM 
Tris-HCI, 0.5 M NaCl and hybridizing other sections 
with sense probes. To assess the specificity of the 
staining to specific cells the number of silver grains 
over spiral ganglion ceils was compared to other re- 
gions including stria vascularis, spiral ligament, sup- 
porting cells and Iimbus using three rats. Counts of 
silver grains over areas of equivalent size in photomi- 
crographs were made by three unbiased observers and 
results averaged. 
The care and use of animals reported in this study 
was approved and supervised by the University of 
Michigan Unit on Laboratory Animal Medicine under 
NIDCD grants DC00078, ‘Perception and Processing 
of Complex Signals’, and DCO0383, ‘Amino Acid 
Transmitters in the Auditory Brain Stem’. 
Results 
NMDAR-I 
A high density of silver grains was seen over spiral 
ganglion cells using the probe to NMDAR-1 (Figs. 1, 
2a, b). When this density was compared to other re- 
gions of the cochlea, the number of silver grains over 
spiral ganglion cells (225 + 69, indicated by mean + 
standard deviations N = 30 cells) was more than an 
order of magnitude over the number of grains in other 
regions assessed (14 * 7, N = 30 cells in spiral liga- 
ment, 4 j, 3, N = 30 cells in stria vascularis, 8 + 6, 
N = 30 cells in supporting cells and 7 f 6, N = 30 cells 
in limbus). This provides evidence that NMDAR-1 
mRNA is specifically expressed in the cochlea in spiral 
ganglion cells. Spiral ganglion cells without heavy label- 
ing were only occasionally observed. While the majority 
of labeled spiral ganglion cells could be identified as 
type I, unlabeled neurons could not be differentiated 
as type II spiral ganglion cells. Increased numbers of 
silver grains were not seen over the organ of Corti. No 
significant labeling was seen over spiral ganglion cells 
in controi sections (Fig. 2~1. 
NMDAR-I< 
No increase in the density of silver grains over spiral 
ganglion cells or any other specific region of the cochlea 
was observed using the NMDAR-K probe (Fig. 31. 
Discussion 
Intense expression of NMDAR-1 mRNA in spiral 
ganglion cells provides strong evidence that the NMDA 
receptor is a component of the inner hair cell - audi- 
tory nerve synapse. It is possible, however, that NM- 
DAR-l mRNA is expressed, but not translated, or that 
NMDA receptors are used presynaptically in auditory 
nerve synapses in the cochlear nucleus. When antibod- 
ies to the NMDA receptor become available, these can 
address the issue of synaptic placement, as we have 
done with the AMPA receptor in the cochlea. The lack 
of expression of NMDAR-K mRNA suggests that this 
subunit may not be involved in transmission at the 
Fig. 3. Photomicrograph of spiral ganglion cells in cryostat sections of rat cochlea reacted with 35S-iabeled probe to NMDAR-K using in situ 
hybridization histochemistry. No significant labeling is seen over spiral ganglion cells; Scale bar = 10 pm. 
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inner hair cell - auditory nerve synapse. We have 
observed expression of both NMDAR-1 and NMDAR- 
K in neurons of the rat cochlear nuclei and superior 
olivary nuclei (Kuriyama et al., 1992). 
Although expression of NMDA receptor mRNA 
was not seen in hair cells, the possibility that NMDA 
receptors have a pre-synaptic localization at the IHC 
synapses, as suggested by several groups (Ehrenberger 
and Felix, 1991; Starr and Sewell, 1991; Puel et al., 
1991), cannot be ruled out and it might be due to 
difficulty in preserving the mRNA in cryostat sections 
of the cochlea or to very low levels of NMDA receptor 
mRNA in hair cells. 
We have observed differential localization of differ- 
ent subunits of the AMPA receptor in the rat cochlea 
using immunohistochemical techniques. GluR 2/3 and 
GluR4 were observed in the rat spiral ganglion cells, 
while GluRl was not (Altschuler et al., 1991). Differ- 
ential expression of AMPA receptors in the cochlea 
has also been observed with in situ hybridization (Ryan 
et al., 1991a) and PCR (Doi et al., 1992; Dresher et al., 
1992). There is now evidence that there are multiple 
subunits of NMDA receptor as well (Kumar et al., 
1991; Monyer et al., 1992; Moriyoshi et al., 1990, and 
future studies will be necessary to further define the 
NMDA receptor in the cochlea. 
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